Based on the data of Secchi disk depths, the beam attenuation coefficients and downward spectral irradiance, water colour and the optical characteristics of the natural light field were examined in Lake Biwa. The peaks of spectral distribution of downward irradiance in the deeper layer were found at about 560 nm in the south basin and about 540 nm in the southern part of the north basin. The colour of the lake was similar to that of the turbid coastal sea waters reported in the literature. In Lake Biwa, the value of Kv = ZSD is found to be 1.49 and the depth to which 1% of surface illumination penetrated is about 2.7 times as large as the Secchi disk depth.
Introduction
The measurement of underwater spectral irradiance in lakes is important for the study of primary production as well as of underwater optics. Recently, Lake Biwa has been subjected to increasing pollution due to industrial development. Reclamation work in the watershed area has been responsible for heavy rnu-off of the soil and dirt into the lake, which has resulted in a decrease in its transparency.
Mean transparency of the lake was about 10 meters in the 1920's but had fallen to 5 meters by 1970. In the south basin, transparency was at about 3-4 meters in the 1920's but has recently been reduced to about 1.5 meters (ITASAKA, 1974) . It may be considered that this decrease in transparency was due to possible changes in the optical environment of Lake Biwa. In addition, many outbreaks of red tide have recently been noticed, and water colour has greatly deteriorated in contrast to previous years.
The present paper is an attempt to examine the water colour and the optical characteristics of the natural light fields in Lake Biwa based on measurements of the spectral energy distribution.
Methods
The optical instruments used were a spectral irradiande meter and an in situ beam transmissometer (TSUDA, 1972) . The spectral irradiance meter used in the investigation has a filter holder carrying seven interference filters with a shutter for an easy check of dark current. Spectral transmittance of each interfesence filter is shown in Fig. 1 . The half band widths of filters are 9-13 nm. The irradiance collector attached in front of the entrance window of the instrument is made of opal plastic. The light sensor is a HAMAMATSU R-207 photomuitiplier tube but is not sensitive enough to detect the low lever of light at wavelengths greater than about 670 nm.
This spectral irradiance meter was standardized in advance by direct sunlight whose spectral energy distribution was assumed to be similar to that of the direct sunlight reported by TAYLOR and KERR (1941) .
From the data of downward spectral irradiance, total downward irradiance, EW(z) at the depth z and the illuminance, I(z) at the depth z are obtained as follsw: coefficient, 2. 5 rn-', was encountered between 8 meters and 18 meters.
The peak of turbidity in September, 1976 was at 15-18 meters with higher turbidity in the upper layet of the thermocline (Fig. 6 ). The change of density with the thermocline appears to be a barrier against the downward transport of the suspended materials, so more turbid ,waters are found in the upper part of the thermocline. At Stn. 7, turbidity above 20 meters was high in September. The vertical profiles of turbi- 3 and 4) , the total downward irradiance can be calculated by means of the equation (1) and is plotted as a function of depth for Stns. 4, 6, and 7 in Fig. 7 . The attenuation of total irradiance at Stn. 4 in the south basin was large in each case.
This indicates a greater contamination of the water in the south basin. The attenuation in winter was greater than in other months. This may be due to resuspension of fine sediments from the bottom on account of turbulence due to the stormy weather.
At Stn. 6, the attenuation of total irradiance was almost constant with depth down to about 10 meters, but in October, 1975, the attenuation below 10 meters was greater than in other months because of a high attenuation coefficients, 2. 5 in-' existed between 8-18 meters.
JERLOV (1968) has classified ocean waters into various
optical water types with regard to the type of spectral transmittance. Judging from the present results with Jerlov's classification, the south basin corresponded to the optical water type 5, except in December, and the southern part of the north basin, to type 3 as shown in Fig. 8 . However, the wavelength range in the present measurements is limited to that between 430 nm and 670 nm. We therefore obtained the values, X, Y and Z by appropriate integration between 430 nm and 670 nm. Water colour at Stns. 4 and 7 calculated as function of depth using equations (6) and (7) is shown in Fig. 9 . All the colours obtained at the surface are located The effect of optical characteristics on the Secchi depth has been studied by various workers (GRAHAM, 1966; TYLER, 1968 ; OTOBE, NAKAI and HATTORI, 1977) . A summary of data on optical characteristics from Lake Biwa is listed in Table 1 .
Secchi disk depth, both in the south and the north basins, showed low values. Mean Secchi disk depth was about 2.5 meters in the south basin and 6.3 meters in the north basin. The illuminance at the Secchi disk depth, IZm can be expressed with the equation, -Io•exp(Kv•ZD). lo is the surface illuminance and Kv is the mean attenuation coefficient for illuminance between the surface and the Secchi disk depth, ZSD. Ix ;1)/I0 is within the region of 15 %'-27% and increases gradually at the Secchi disk depth value increases. The illuminance at the Secchi disk depth in LaKe Biwa can be considered to be about 22% of surface illuminance. The mean beam attenuation coefficient, azsD between the surface and the Secchi disk depth and mean Kv were 2. 12 m--1 and 0.411 m-1, respectively. The former was about five times as large as the latter.
This value agrees well with those for turbid coastal sea waters (HisHiDA, YAMASHITA and TAKEZAWA, 1978) . KIKUCHI (1935) reported the attenuation coefficient of illuminance is 0. 34 m-1 in Lake Biwa. The value of Kv obtained in the present study was higher than O. 34 rn-' and especially the mean Kv obtained in the south basin, which was 0. 62 almost twice as large as O. 34 m-1.. This could be attributed to an increase in water pollution in the south basin. POOLE and ATKINS (1929) and KIKUCHI (1935) showed that the product of the attenuation coefficient for illuminance and the Secchi disk depth was 1. 7 and 1. 9, respectively. HOLMES (1970) reported that the product of Kv and ZSD yielded the value of 1. 44 in turbid water and also this value was probably a more appropriate factor than 1. 7 in estimating Kv from ZSD Table  2 .
Values of KT, Z1%, Z1%/Zsu and Zes.
of Underwater Spectral Irradiance in Lake Biwa in turbid water.
In the case of Lake Biwa, this value yields 1.49 as a mean value and agrees well with HOLMES'S calculated value.
Biological optical fields
The light intensity and spectral composition are basic factors for primary production (SAKAMOTO and HOGETSU, 1963; SHIMURA and ICHIMURA, 1973) . Based on Secchi disk depths and the downward spectral irradiance, the light condition for photosynthesis was examined.
The bottom of the euphotic zone was taken as 1% of the surface irradiance (SAKAMOTO, 1966 ; LORENZEN, 1972) .
Then, Eq.
(3) can be reduced to:
where Z1% is the depth at which 1% of the total downward irradiance at the surface is found and KT is the mean attenuation coefficient for total downward irradiance.
The values of Z1% calculated by means of Eq. (8), as well as KT, and Z1%/ZsD are shown in Table 2 . In the case of Lake Biwa, the depth to which 1% of surface illumination penetrated is given by By means of Eq. (9), calculated values of Z1% at stations in which KT was not obtained were also shown in Table 2 . Table 2 shows that Z1% at almost all stations in the south basin is greater than depth to the bottom. Accordingly, it is obvious that the whole water column was almost always the euphotic zone in the south basin.
Summary
From the measurements of Secchi disk depth, turbidity and downward spectral irradiance in Lake Biwa, it became clear that :
1) Both sides of the visible region of the downward spectral energy distribution are remarkably attenuated because of possible intense absorption by suspended particulate solids, yellow substance and water itself. The peaks of the spectral distribution were at about 560 nm in the south basin and at about 540 nm in the southern part of north basin.
2) Both basins were characterized as turbid coastal water type; the south basin and southern part of the north basin corresponded to the optical water types 5 and 3 respectively in Jerlov's optical classification.
3) The value of Kv ZsD yielded 1.49 and the depth to which 1% of surface illuminance penetrated is about 2.7 times as large as the Secchi disk depth.
